Abstract To systematically study multi-stage countercurrent process for Antarctic krill protein extracting and to optimize the multi-stage countercurrent technology, the solubility of Antarctic krill proteins after multi-step dissolution was explored firstly; multi-step extraction was investigated; and then multi-stage countercurrent system for protein extraction was carried out. In single step extraction, krill-to-water ratio and pH were chosen as 1:10 and 12.5 respectively, in order to extract more protein. In the multi-step dissolution process, the protein solubility of aqueous solution at pH 12.5 was 33.0 ± 0.8 mg/mL. Multi-step cross-flow processing testified the feasibility of multi-stage countercurrent assumption. Three-stage countercurrent method using krill-to-water ratio 1:10 extracted, 95.1 ± 0.6% protein from krill, where almost the same water as previous works. The total recovery yield of 67.9 ± 1.6% was achieved after precipitation at pH 4.5.
Introduction
As a huge biomass, Antarctic krill (Euphausia superb) attracts increasing attention of researchers from various countries. Protein in Antarctic krill has a quite high quality (Suzuki and Shibata 1990; Tou et al. 2007; Gigliotti et al. 2008 ) and a quite high content, about 70% on a dry weight basis (Gigliotti et al. 2008 ). However, high fluoride level in Antarctic krill protein is a major constraint on its application.
So far, isoelectric solubilization/precipitation (ISP) process has been widely applied to extract protein Taskaya et al. 2009; Vareltzis and Undeland 2012; Barac et al. 2015) , and also used as a suitable method to extract the krill protein Wang et al. 2011; Qi et al. 2016) . Chen et al. (2009) paid more attention to application properties and chemical composition of extracted protein, where operation conditions were set referring to ISP extraction condition of other aquatic protein. Wang et al. (2011) tried to optimize extraction conditions, and found that two extraction steps could improve the yield of extracted protein obviously, and applied two-step washing after isoelectric precipitation to remove fluoride. As to remove fluoride, Qi et al. (2016) chosed multi-stage countercurrent system instead at acid condition and saved water consumption.
Multi-stage countercurrent process may be a good choice of protein extracting also. This technology was covered by a US patent in 1974 (Takahata et al. 1974 ) and widely used in extracting specific compounds, for example, extracting glycyrrhizic acid from licorice (Wang et al. 2004 ) and flavone glycosides from Ginkgo biloba leaves (Yu et al. 2012) In those works, higher recoveries were obtained and water consumptions were cut down, so less wastewater was released. Lestari et al. (2010) had ever applied the technology to extract plant protein, which saved water and increased protein recovery as well.
The purpose of this study was trying to improve the recovery of krill protein with low fluoride to a large extend by using multi-stage countercurrent system in protein alkaline extraction process of ISP technology. Before this task, protein dissolving principle in multi-stage countercurrent system should be systematically and gradually explored. To achieve these objectives, a series of experiments were conducted: (1) to explore the solubility of Antarctic krill proteins after multi-step dissolution; (2) to clarify the influence of the number of steps on the yield using a multi-step extraction method; and (3) to optimize Antarctic krill protein extraction using a multi-stage countercurrent system.
Materials and methods

Material
Antarctic krill (Euphausia superba) were obtained as platefrozen blocks from Dalian Ocean Fishery Group Ltd. (Dalian, China) and transported frozen (at -20°C) to the laboratory. Each Antarctic krill was about 2 cm long. The average proximate compositions of whole Antarctic krill, which were determined according to AOAC methods (AOAC 2012), were 79.46% moisture, 8.73% total lipid (dry basis), 69.27% crude protein (dry basis), and 11.93% ash (dry basis). The krill blocks were stored at -20°C for no more than three months after krill was captured.
The frozen blocks were reduced in size with a band saw and then crushed using hammer mill (PSC-150, Longshi Machine Building Co. Ltd., Shanghai, China) at about 0°C. The crushed krill were used that day.
Multi-step dissolution
Influence of krill-to-water ratio on Antarctic krill protein solubility in single step
To identify the best conditions for extraction, a series of krill-water ratios were studied. Twenty grams of frozen crushed Antarctic krill were put into 150, 110, 90 and 50 mL distilled water, stirred magnetically (200 rpm, RH basic, IKA group, Guangdong, China) at room temperature (25°C) until the samples were almost thawed (about -4°C). Then the mixture was homogenized (1000 rpm, 30 s, ETS-2, Yi Tong Electronics Ltd., Hangzhou, China) at 4°C. The homogenate's pH was adjusted to 12.5 according to the procedures reported by Qi et al. (2016) (PHS-3C pH meter, INESA Scientific Instrument Co. Ltd., Shanghai, China) using 10 mol/L NaOH of 4°C. Finally, additional water of 4°C was added to final volumes of 200, 160, 120 and 80 mL, respectively (i.e. final ratios of 1:10, 1:8, 1:6 and 1:4 w/v). The following extracting procedures were all conducted at 4°C.
After that, the homogenates at pH 12.5 were centrifuged (DL-7 M, Ping Fan Scientific Instruments Ltd., Changsha, China) at 7000 9 g at 4°C for 10 min. The crude protein in the raw material and dissolved in the supernatant were determined using Kjeldahl method (Kjeltec 8400, Foss, Hillerød, Denmark) (AOAC 2012), wherein non-protein N was measured (using trichloroacetic acid precipitation method) and deducted. 6.25 was used as Kjeldahl nitrogento-protein conversion factor (NPCF 
Solubility of Antarctic krill protein after multi-step dissolution
Since extract supernatant was used as solvent of next step, solubility of Antarctic krill protein after multi-step dissolution was determined following frame in Fig. 1a . Krill samples of first step were prepared as above, mixed with 10 mol/L NaOH to pH 12.5, and fresh distilled water was added at a set 1:10 ratio. Then the mixture was centrifuged, and the protein concentration of the new supernatant was determined. In the second steps, new krill samples were added into supernatants of first steps at 1:10 ratio (krill/supernatant, g/mL). The pH was adjusted to 12.5 again. And so on, these steps were repeated until the protein concentration in the supernatant became fairly constant, which happened after about 7-9 times dissolutions.
Protein solubility analysis using SDS-PAGE
The method reported by Walker (2002) Run 5 Fig. 1 Flow diagram of multi-step dissolution, cross-flow and countercurrent extraction. a Multi-step dissolution. b Multi-step cross-flow extraction. c Multi-step countercurrent. M material; S fresh solvent; U residue; DF dissolving flow; ECF extract cross-flow; R residue; E extract flow of countercurrent gel was soaked in a fixation solution (45% methanol, 10% acetic acid) for 1 h and was stained with 0.05% Coomassie brilliant blue R-250 (Sangon Biotech Co., Ltd., Shanghai, China) for 20 min at 60°C. After distaining at 70°C with a 10% methanol, 10% acetic acid solution (until the background was clear, the distaining solution was changed 2-4 times), the gels were scanned using a gel imaging and analysis system (ChemiDoc TM MP System, Bio-Rad Laboratories, Inc., Hercules, CA, USA) and the data used directly from the results generated by the software Image Lab 3.0 (Bio-Rad, 2010). The quantitative procedure was based on the method reported by Nayak et al. (1996) . However, accurate quantitation needs good separation of the bands. So the results were considered to be a semiquantitative method to analyze the solubility of proteins.
Multi-step cross-flow extraction
Extraction percentage of protein
Multi-step extraction, or to be more specific, multi-step cross-flow extraction was often used to increase extraction efficiency (Wang et al. 2011 ). However more water was needed in the process. In order to compare with multi-stage countercurrent, multi-step cross-flow extraction was carried out following frame in Fig. 1b .
In each step, the procedures were similar to multi-step dissolution. The ratio was 1:10. Then the crude protein in the raw materials, residues and the supernatants were determined using Kjeldahl method as well. The precipitate was then extracted twice more with 200 mL distilled water at pH 12.5. The extraction percentage of each step was calculated using Eq. (1).
Protein yield of acid precipitation
In ISP technique, acid precipitation was always applied after alkali extraction to obtain protein product. The supernatants from the above experiment or similar samples were obtained following the procedures described in the above section. They were adjusted to pH 4.5 using 5 mol/L HCl and centrifuged immediately at 70009g at 4°C, and then the precipitated protein was washed by 3-stage countercurrent method reported by Qi et al. (2016) so as to assure that fluoride level was lower than 2 mg/kg. Then protein content was determined using Kjeldahl method, and recovery yield was calculated.
Influence of krill-to-water ratio
Experiments of 4 ratios were performed (1:10, 1:8, 1:6 and 1:4 w/v) and the insoluble protein was extracted twice more at pH 12.5.
Multi-stage countercurrent system of protein extraction
Extracting protein
To improve Antarctic krill protein yield and to save water in ISP process, a multi-stage countercurrent protein extraction system was designed based on the work of Lestari et al. (2010) . A scheme of 4-stage countercurrent extraction was shown in Fig. 1c .
This system simulated a series of consecutive protein extractions by using a series of beakers with the protein and water moving in a counter-current fashion as previously reported (Adu-peasah et al. 1993; Moure et al. 2003; Lestari et al. 2010) . Fresh material and fresh solvent were added and residues and extract flow were moved as schemed in Fig. 1c . The countercurrent system reached equilibrium after 4 runs. In the first run, each batch consisted of 20 g krill at pH 12.5 and a krill-to-water ratio of 1:10. Each beaker was homogenized (1000 rpm, 30 s) at 4°C. Protein content of supernatant from each stage (1-stage, 2-stage, 3-stage and 4-stage/E 1 as shown in Fig. 1c ) was analyzed using Kjeldahl method. The extraction percentage was calculated by Eq. (1).
Effect of different factors on the multi-stage countercurrent system
Experiments of 2, 3 and 4-stage were carried out as described in above section and Fig. 1c so as to observe the influence of factors on extraction efficiency. By comparing the final protein concentrations of E 1 in different stages, the optimal stages were determined. Then the influence of krill-to-water ratio was studied using the 3-stage system. All the 4 ratios (1:10, 1:8, 1:6 and 1:4 w/v) were then investigated.
Statistical analysis
Experiments were conducted in triplicates (excluding the semi-quantitative analysis of SDS-PAGE, which was done only once). Values are expressed as mean ± standard deviation of three measurements. Line and column figures were drawn using Origin Pro 8.6. One-way ANOVA was performed using SPSS v. 19.0 (IBM Corp., Armonk, NY, USA) to test difference. Significance was set at p \ 0.05.
Results and discussion
Solubility of Antarctic krill protein
Solubility in solution of different krill-to-water ratios
To identify the proper condition, the protein concentrations of the supernatants at different ratios (1:10, 1:8, 1:6 and 1:4) were determined to be 12.2 ± 1.0 mg/mL, 14.5 ± 0.7 mg/ mL, 16.6 ± 1.5 mg/mL and 18.5 ± 1.3 mg/mL respectively. Then the extraction percentage of the krill-to-water ratio 1:10 1:8, 1:6 and 1:4 were calculated to be 88.1%, 83.4%, 71.9% and 53.2%, respectively.
From the results, it can be seen that less krill protein had been extracted when krill-to-water ratio changed from 1:10 to 1:4. In previous studies on Antarctic krill protein extraction, the krill-to-water ratio was often set as 1:3 Jaczynski 2007, Chen et al. 2009 ) or 1:6 (Gigliotti et al. 2008; Wang et al. 2011) . Results obtained in similar condition of this work were close to the results reported by Chen et al. (2009) and Wang et al. (2011) . The suggested that water content limited dissolution of krill protein.
Solubility of krill protein into aqueous solution after multistep dissolution
What limited dissolution of krill protein into aqueous solution? To find dissolving behavior of krill protein into water and ensure the feasibility and necessity of using a countercurrent system, the solubility of multi-step dissolution was observed firstly (Fig. 2) .
It was seen that as the dissolving times increased the dissolved krill protein in the unchanged solvent rose gradually. The maximum was 33.0 ± 0.8 mg/mL after 9 extractions by one share of solvent. Comparing to supernatant of single-step extraction, the concentration increased by almost 2 times. It seemed that in single step extractions of all 4 supernatants might have the ability to dissolve proteins continuously. Lestari et al. (2010) considered that better diffusion or high saturation concentration would help to improve extraction rate. In these experiments, homogenization has been proved to be sufficient, and the equilibrium concentrations 4 supernatants were obviously below saturation concentration. According to protein alkali-solution theory (Vojdani 1996; Lestari et al. 2010) , NaOH solutions provided sufficient amount of alkaline, which increased protein net charge and electrostatic repulsion, and then promoted protein solubilization into the extracting solvent protein-solvent interaction. So it might be explained that there was lack of impetus to dissolving proteins in the residues.
Analysis of the soluble protein using SDS-PAGE
In order to interpret the above mentioned phenomena further, SDS-PAGE was used to further explore the content of the 9 solutions (Fig. 3) . As the dissolving time increased, the band intensities of molecular weight between 66.2 and 35.0 kD reached a visual constant gradually. Meanwhile, the bands in the molecular weight range [ 66.2 or \ 35.0 kD both became more intensive continuously. The semi-quantitative results (Fig. 3b-d ) agreed with the visual observations.
As has been reported, molecular weights of sarcoplasmic proteins are mainly about 50 kDa (Jafarpour and Gorczyca 2009; Li et al. 2014) . Meanwhile, myofibrillar proteins always divided into two main parts: myosin heavy chains (MHC), whose molecular weights are often more than 100 kDa, and myosin light chains (MLC), whose molecular weights are 16-28 KDa, varying depending on species) (Shahidi 1994; Ochiai and Chau-Jen 2000) . It was assumed that, in this study, the bands in the molecular weight range [ 66.2 kD were of MHC of myofibrillar proteins, bands in the molecular weight range \ 35.0 kD were of MLC of myofibrillar proteins, and bands in the molecular weight range from 66.2 to 35.0 kD were of sarcoplasmic proteins. Consequently, it was implied that, in subsequent steps, this countercurrent system might dissolve more myofibrillar proteins when easily-soluble sarcoplasmic proteins became saturated in solution (Fig. 3) . In other words, different proteins in the solution might have different saturation concentrations and different diffusion rates. Analysis of multi-step cross-flow processing
Extraction percentage and recovery yield
The multi-step extractions with a krill-to-water ratio of 1:10 were conducted (Table 1) . Most of protein was extracted in the first extraction step. In the following two extraction steps, 6.0 and 1.3% more protein of total were dissolved from the residue. Meanwhile, after precipitation and water-washing, only 62.3% recovery was obtained in the first step, suggesting a large amount of low molecular weight acid-soluble materials in that fraction. The second and third precipitation steps were almost completely acidinsoluble, which implied that protein recovered from these two steps might be myofibrillar protein. The overall recovery reached 69.3% of the total protein, higher than previously reported Wang et al. 2011) .
Krill-to-water ratio
It was interesting if the water ratio could be lowered in the multi-step extraction. The ratios from 1:10 to 1:4 were tested (Table 2) . Results showed that extraction percentage of the first step decreased significantly (p \ 0.05) while the ratios changed from 1:10 to 1:4, which was in agreement with studies reported by Lestari et al. (2010) . As krill-towater ratios were 1:10 and 1:8, total extraction percentage of more than 90% could be obtained. At lower water ratios, for example 1:4, the total protein was lower, even though 20.9% protein was extracted in the second step. Multi-step countercurrent system for protein extraction
Effect of number of stage on extraction percentage
The main advantage of multi-stage countercurrent technology is that extraction percentage would increase with stage number rising. So countercurrent extractions with different numbers of stages were studied and the final protein concentrations were tested (Fig. 4a) . The final protein concentration of 2-stage became higher while that of 3 and 4-stage were almost the same. So, 3 stages in the countercurrent system were enough.
Krill-to-water ratio
Using the 3-stage countercurrent system, the extraction percentages and final protein concentrations were examined using different krill-to-water ratios (Fig. 4b) . As the amount of water increased, the final protein concentration decreased as well. Above all, the extraction percentages, which reflect extraction efficiency, were almost the same as results of multi-step cross-flow processing, while the water consumption were equal to single-step extraction. Consequently, 3-stage countercurrent system of krill-towater ratio 1:10 was applied to extract protein from krill, and extraction percentage 95.1 ± 0.6% was obtained. After acid precipitation and 3-stage countercurrent waterwashing, the total recovery yield was up to 67.9 ± 1.6% with fluoride level less than 2 mg/kg.
Conclusion
The present study describes the possibility of extracting krill protein by multi-stage countercurrent system. First of all, in the multi-step dissolution process, it was found that protein concentration of supernatant rose up to 33.0 ± 0.8 mg/mL. As a comparison, the highest protein concentration in single step dissolution was only 18.5 ± 1.3 mg/mL. It indicated that multi-stage countercurrent system was feasible and reasonable for extracting protein from krill. Multi-step cross-flow processing extracted more protein than single-step extraction (at krillto-water ratio 1:10, extraction percentage was raised from 88.1 to 95.4%, and recovery yield was raised from 62.3 to 69.3%), which testified the assumption further. When multi-stage countercurrent system was applied, the Influence of krill-to-water ratio optimized result was obtained at krill-to-water ratio 1:10, in 3-stage countercurrent extracting system, where the extraction percentage 95.1 ± 0.6% and total recovery yield 67.9 ± 1.6% were achieved. Comparing to previous works, almost the same water was consumed when the better extraction efficiency was reached. All the results demonstrated a great potential for application of this technology in Antarctic krill processing industry.
